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ABSTRACT OF THESIS 
EXPERIMENT AL AND CFD INVESTIGATION OF RE-AGENT MIXING IN AN 
SCRSYSTEM 
Nitrogen oxides (NOx) cause a gamut of problems such as hannful particulate matter, 
ground level ozone (smog) and acid rain. Currently, a significant capital is being invested 
researching new techniques to control NOx emissions. One of the best ways to break 
down NOx is the Selective Catalytic Reduction (SCR) after-treatment method. A reducing 
agent (re-agent) is injected into exhaust gases and passed through a catalyst that 
facilitates NOx breakdown into Nitrogen and Water. To ensure effective NOx conversion, 
there must be unifonn mixing between re-agent and exhaust gas upstream of the catalyst 
blocks. The current thesis focuses on investigating the mixing quality for an SCR test 
system employed for a 2-stroke lean-bum natural gas engine. CFD investigations were 
conducted to simulate the physical flow process. The mixing quality for different injector 
locations and the effect of utilizing a downstream in-line mixer was investigated. The 
CFD simulations were compared to experimental results. To measure ammonia 
concentrations experimentally, a traversing probe was designed and built. Re-agent 
concentrations were measured at various locations on a plane slightly upstream of the 
catalyst substrate. Detailed discussion is presented on different cases of CFD analysis. 
Experiments were conducted for the best and worst case of mixing based on CFD 
computation. Results suggest that a mixer plays a vita1 role in improving the mixing. 
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Chapter 1: INTRODUCTION 
1.1 Oxides of Nitrogen (NOx): 
Oxides of Nitrogen include various nitrogen compounds like Nitrogen dioxide 
(NOz) and Nitric Oxide (NO). These compounds play an important role in the 
atmospheric reactions that create harmful particulate matter, ground-level ozone (smog) 
and acid rain. NOx forms when fuels are burned at high temperatures. The two major 
emissions sources are transportation vehicles and stationary combustion sources such as 
electric utility and industrial boilers. Power plants account for 21 % of the NOx that is 
emitted nationwide in the USA. Since the advent of the Clean Air Act in 1970, NOx 
emissions have increased by nearly 19% 1 due to increased fossil fuel usage. 
NOx emissions contribute to the formation of fine particles and ozone smog that 
cost society billions of dollars annually from illness and deaths '. Final1y~ NOx emissions 
contribute to a suite of year-round environmental problems from acid rain to 
eutrophication, a process where a water body is deprived of oxygen leading to 
degradation in water and harm to aquatic life. NOx emissions also contribute to haze air 
pollution in national parks and wilderness areas. 
The Environmental Protection Agency (EPA) has taken steps to control NOx 
emissions. One significant step to combat summer-time ozone problems was the 
introduction of a program in May 2002 that required eastern states to reduce NOx levels 
from power plants and other sources. Some states like North Carolina, New Hampshire, 
Massachusetts and Texas have adopted policies that control NOx and other pollutants 
year round 1• 
1.2 Lean NOx traps (LNTs): 
The successful commercialization of lean bum gasoline engInes is dependant 
upon development of an effective emission after treatment system, which can provide 
He, co, and NOx control under not only lean operating conditions, but also when the 
engine operates at the stoichiometric point under conditions of high engine speed andlor 
load. NOx ad sorber catalysts (NOx) are capable of storing NOx under lean conditions and 
subsequently releasing and catalyzing its reduction under rich conditions with respect to 
the stoichiometric point during a regeneration cyc1e2. After-treatment systems based on 
these types of catalysts show great potential for reaching current and future emission 
standards. Key to the successful application of NOx adsorber catalysts is the development 
of engine control strategies, which maximize NOx conversion while minimizing fuel 
economy penalty associated with adsorber regeneration. 
Lean Conditions 
2 
Figure 1.1: LNT during lean conditionsJ 
2 
Figures 1.1 and 1.2 show the schematic representation of how an LNT works. 
NOx is trapped on alkaline earth metal such as Barium (Ba) until the regeneration is 
performed. Ba holds NOx as Barium Nitrate Ba(N03)2 and then precious metals such as 
Platinum (Pt) or Rhodium (Rh) are used for oxidation, reforming and reduction purposes. 
r" r I • I j r.. · I j 
'-" -.J -r J '-" -r J "'l. 
Figure 1.2: LNT during rich conditions'\ 
1.3 Selective Catalytic Reduction (SCR): 
2 
Perhaps, the best after-treatment technology for NOx reduction in lean-bum 
natural gas engines is SCR. In SCR, a re-agent is injected into the exhaust upstream of a 
catalyst. A major disadvantage of SCR is the requirement that the re-agent must be stored 
at the engine site. Typically, one of three different re-agents is used: Isocyanic acid 
(HNCO), Urea (NH2CONH2) or Ammonia (NH3). In addition to being flammable and 
corrosive, ammonia is hazardous and can damage lungs, central nervous system, liver and 
kidneys. Isocyanic acid and urea are, therefore, preferred from a safety standpoint. Urea 
is used most commonly in catalysts as a 320/0 by weight solution in water. Urea is readily 
3 
available due to its use in a wide range of industrial applications including chemical, 
water, food processing and agriculture. 
In SCR systems, NOx destruction occurs through a series of chemical reactions 
involving the reducing agent, catalyst and various species in the exhaust. Urea 
decomposes into isocyanic acid and ammonia. Cyanuric acid reacts with free radicals to 
produce NH), which subsequently reacts with NO. The end products, in theory, are 
nitrogen, carbon dioxide and water (refer Figure 1.3 for equations). Ideally, a 
stoichiometric amount of urea is supplied, the urea is well mixed with the exhaust and the 
reactions proceed to completion across the catalyst. In reality, the process is not ideal. 
First, it is possible that the mixture of urea and exhaust is non-uniform. This results in 
regions of high or low urea concentrations. The former produces excess ammonia that is 
emitted into the atmosphere. Ammonia is likely to be regulated as a pollutant emission in 
the future because of this effect and its production in 3-way catalysts under rich 
conditions. In regions of low urea concentrations, the NOx reduction suffers. 
Another potential problem with SCR catalysts is the formation of toxic emissions 
across the catalyst that would not otherwise be present. In fact, the constituents used in 
the manufacturing of Hydrogen Cyanide (HCN) are p.resent within an SCR catalyst on a 
lean burn natural gas engine. The required constituents for the production of HCN are 
methane, ammonia and oxygen, according to the reaction 
8H = + 481.9 kJ/mol 
4 
Figure 1.3 represents a schematic drawing of a complete SCR system. It includes 
an upstream oxidation catalyst (V) to oxidize NO, which is the dominant species in NOx 
present in the exhaust gas. Just downstream of this section is the re-agent injection. Then 
a hydrolysis catalyst (H) is present to break down urea into ammonia, which is the main 
species involved in the NOx destruction. The SCR catalyst (S) follows which breaks 
down NOx into nitrogen and water. Further downstream, there is a second oxidation 
catalyst (0), whose function is regulate the excess ammonia that is present at this stage. It 
breaks down ammonia in to nitrogen and water. 
Exhaust 
Gas 
SCR Catalyst (S) 
4NH + 4NO + 0 - 4N2 + 6H20 
2NH3 + NO + N02 - 2N2 + 3H20 
H 
BNH3 + 6N02 7N2 + 12H20 
5 o 
Oxidation Catalyst (0) 
4NH3 + 302 - 2N2 + 6H10 
Hydrolysis Catalyst (H) 
(NH2)2CO + H .. 0 2NH3 + CO2 
Figure 1.3: Schematic of an SCR system) 
5 
1.3.1 Oxidation Catalyst upstream of SCR catalyst (8): 
The major purpose of utilizing an oxidation catalyst upstream of the SCR 
catalysts is to achieve a more optimal N021N0x ratio. In typical diesel exhausts, which 
have small N02!NOx ratios (-100/0), the oxidation catalyst converts NO to N02 to 
increase the NOiNOx ratio. Fastest NOx conversion rates are seen when the N02!NOx 
ratio is approximately 500/0 and is known as the "fast" SCR reaction. Depending on the 
N02!NOx ratio different reactions can dominate the NOx reduction process. Three main 
reactions and the corresponding NOz!NOx ratios where the reaction are dominant are,4 
4NH3 + 4NO' + O2 ~ 4N2 + 6H20 {Low N02NOx ratios} 
4NH3 + 2NO + 2NOz ~ 4Nz + 6HzO {'"Fast SCR"; N02!NOx ~ 0.5} 
4NH3 + 3N02 ~ 3.5N2 + 6H20 {Proceeds slowly; Large N02!NOx ratios} 
The presence of NO.2 has a dramatic effect on the activity of an SCR catalyst at 
low temperatures in particular. It is more pronounced at low temperatures and vanishes at 
high temperatures. At temperatures above 400°C, the effect of the N02!NOx is 
negligible4• Figure 1.4 shows the effect of N02!NOx ratios at 200°C on NOx reduction 
efficiency4. Temperature, residence time (inverse of the space velocity, which expresses 
how fast something moves through a system in equilibrium) inlet NOx concentration and 
ammonia slip are held constant. The ammonia injection rate is varied to maintain constant 
ammonia slip. It is evident from the plot that the N02!NOx has a large impact at this 
temperature. 
It is often assumed that the oxidation catalyst will always oxidize NO to N02, 
thereby increasing N02!NOx ratios. However, if thermodynamic equilibrium favors a 
lower N02!NOx ratio, the reaction can proceed in the direction of dissociating N02 to 
6 
create more NO. The composition thermodynamically favored depends on the 
temperature, pressure and mole fractions of NO, N02 and O2 in the exhaust. The 
temperature dependency of N021N0x ratio for a partial pressure of O2 at 0.1 bar can be 
understood from Figure 1.5. Note that at about 750°F equilibrium concentration results in 
a favorable N021N0x ratio of roughly 50%. The addition of an upstream oxidation 
catalyst to shift the N021N0x ratio toward equilibrium will most likely improve 
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Figure 1.5: Thermodynamic equilibrium analysis determines which way N02/NOx ratio will shift 
across oxidation catalyst4 
Oxidation catalysts are also used for NO]INOx ratio augmentation In mobile 
applications5. () . [n the work by Gieshoff, et al. a performance comparison is made on an 
SCR system between NO]INOx ratios of 0 and 0.5. At 350°C, when the ratio is altered 
from 0 to 0.5 with synthetic exhaust gas, NOx reduction efficiency improves from about 
78%) to 98%. The performance advantage significantly increases at lower temperatures 
and is maintained at high temperatures (up to 500°C) .. This is in contrast to the work by 
Koebel, et al.", where the advantage of the optimal NO]INOx ratio diminishes above 
8 
1.3.2 Reducing Agent: 
Urea is commercially produced from carbon dioxide and ammonia at high 
temperatures and pressures and may be considered as a storage compound for ammonia. 
Although it is generally accepted that ammonia is ultimately the active reducing 
compound in the catalyst, pure ammonia is normally not injected into the exhaust stream 
for most applications. Urea is the re-agent most commonly used owing to its 
transportability and non-hazardous nature as compared with ammonia. TypicaHy, urea is 
thermally decomposed to ammonia in the hot exhaust prior to entering the SCR catalyst. 
(NH2h CO ~ NH3 + HNCO 
HNCO + H20 ~ NH3 + CO2 
lsocyanic acid (HNCO) is included in the Hammonia slip". This is appropriate 
since Isocyanic acid is partially reacted urea and, if give more time, would form more 
ammonia. The second reaction can be accelerated with a hydrolysis catalyst7• 
Solid urea has a melting point of 133°C. As it is slowly heated, decomposition 
begins at about 80Q C and is fully evident at 133°C. The slow heating process produces 
ammonia, biuret, triuret and ammonium cyanate. Beyond 180°C, isocyanic acid and other 
heavy compounds are formed. In contrast, faster heating leads to just ammonia and 
HNCO, which is the preferred reactions. The reaction is exothermic and the heat required 
per mole of urea decomposed will be reduced considerably if hydrolysis (another 
exothermic reaction) can be carried out simultaneously. Additional heat at about 200°C-
400°C must then be supplied to heat the products. 
Although, Urea has advantages in terms of safety, transportability and storage, 
Ammonia was selected as Re-agent. Two major reasons were higher capital and 
9 
operational costs in case of urea and possibility of unwanted intennediate compounds 
such as Hydrogen Cyanide (HCN). 
Anhydrous Ammonia was selected as re-agent instead of urea to eliminate the 
thennal decomposition as a variable. However, for field implementation of SCR on 
natural gas engines, aqueous NH3 may be used. The compound urea, available in liquid 
or solid fonn, produces ammonia when heated. Owing to its advantages mentioned 
above, urea deserves consideration as a replacement for anhydrous or aqueous ammonia 
in SCR systems. Current research is being conducted to use urea as a replacement for 
ammonia. Research includes establishing optimum operating parameters, evaluating 
undesirable by-products from urea decomposition and studying the mechanics of 
transporting urea to the control skid and the injection point 17 • 
1.3.3 Oxidation Catalyst to Reduce Ammonia Slip: 
In practical SCR systems, it is common to inject a slight excess of re-agent to 
maximize conversion efficiencies9• Pennitted ammonia slip is nonnally less than 5 ppm-
10 ppm. An oxidation catalyst can be used downstream of the SCR catalyst to reduce 
ammonia slip without impacting NOx reduction efficiencies. Ideally, the oxidation 
catalyst converts the ammonia into nitrogen and water4• The global reaction mechanism 
IS, 
4NH3 + 302 -:) 2N2 + 6HzO 
This approach has been successfully employed in mobile applications5•6• In these 
applications the usefulness of ammonia slip oxidation catalysts is generally accepted. 
They are implemented without any quantification of their benefits. 
10 
1.3.4 SCR Catalyst Composition: 
The catalysts most used in investigations found in the literature were Vanadium-
Titanium based catalysts 1o. II, 12. There were a few investigations where Fe-Cr 13. 14 based 
and Pt-Cu based catalystsJ4 were implemented. 
Ammonia adsorption in the presence of water (5%) and O2 (lO%) was 
investigated in various catalyst samples l5 . Two monolithic cordierite honeycombs 
designated K50 and K64 were immersed into a suspension of Ti02, whereas catalyst K50 
was coated with Ti02 and 9% W03. Both samples were dried and calcined for 3 hrs at 
500°C. Subsequently, both samples were impregnated with NH4 V03• Another sample 
used was an extruded monolithic honeycomb consisting of V 205- WOJ/Ti02 for 
comparison. Results show the addition of W03 is essential to achieve low ammonia slip 
under practical condi tions t 5. 
Koebel, et a1.4 write about the possible role of N02 catalysts that are based on 
Ti02- WOJ- V 205• Two monolithic catalysts, one extruded and the other coated, were used 
for the experiments. Investigations were performed to study the re-oxidation of vanadium 
species in the catalyst. Experiments suggest that the V+4 species forming during reduction 
of NO with NH3 are re-oxidized faster to N02 than by O2, resulting in increased rate of 
NO reduction4• The kinetics of the Selective Catalytic Reduction of NO by NHJ has been 
investigated over a Vanadia based commercial catalyse 2. The catalyst contained Ti02 
(>70%), V20 S, WO] and MoO]. NOx conversion by varying water and oxygen 
concentrations was studied. 
In the paper by Bauerle, et a1.l3, Fe-Cr based catalysts were used for parametric 
and durability studies. The catalyst was prepared by impregnating carrier pellets with 
II 
aqueous solutions of Fe(N03h.9H20 and cr03. The moist pellets were dried at 160°C 
and then calcined at SOO°C. A catalyst was prepared with American Cyanamide Aeroban 
ZW-1470 Ab03-Si02 spheres (3/16 in. diameter) at optimum Fe203 concentrations. 
Varying concentrations of Fe were used. The reduction of NOx with NH3 on these 
catalysts was studied in flow reactors using simulated gas temperatures from 200°C-
SOO°C. The optimum catalyst contained 100/0 active metal oxides at a weight ratio of 9: 1 
Fe:Cr. Conversion of NOx, which was maximized at 400°C, was not affected by CO2 or 
H20 but, showed a sharp increase with increase in 02 from O-O.s% l3. 
Investigations on the effect of S02 and space velocity on catalysts based on Pt and 
Cu were carried out as well '4. The former was observed to be more active at lower 
temperatures (190°C-2S0°C), while the latter was observed to be more active at higher 
temperatures (usually 3S0°C). Results suggest that higher NOx activity was achieved 
without S02 on Pt-based catalysts; Cu zeolite catalysis may be practical for Diesels if 
sulfur is eliminated from Diesel fuel. In addition, decreasing space velocity by increasing 
catalyst volume will help NOx removal by Pt and Cu. 
1.4 Laboratory SCR test Setup: 
The layout design of the slipstream SCR system was based on a number of 
considerations. One of these considerations was having the capability to test the reactor at 
high temperatures. Given the inherent low temperatures of a 2-stroke natural gas engine 
exhaust, the reactor must be located as close to the cylinders as possible to avoid losses 
due to heat transfer. The GMV -4TF has a cooled exhaust manifold, so it was important 
to extract the exhaust upstream of the exhaust manifold. As such, the exhaust was 
12 
extracted from ports in the exhaust elbows that connect the cylinders to the exhaust 
manifold. The sizing of the slip stream system was based on a 3 glbhp-hr NOx engine. 
The GMY engine has a volumetric flow rate of 1600 SCFM within a 12 inch pipe. In 
order to divert approximately 60/0 of the GMY flow for the slip stream, a minimum of 3 
inch pipe was necessary to run to the catalyst to maintain similar flow velocities. 
As described earlier, to minimize temperature drop, the exhaust for the slip stream 
was extracted from the exhaust elbows allowing the slip stream exhaust to bypass the 
cooled exhaust manifold. A concern with flow stratification arose because the slip stream 
exhaust comes from independent cylinder exhaust elbows. A slip stream mixing device 
was designed to address this concern. The exhaust mixer has four 1.5 inch inlets which 
come from each of the four sample ports on the engine exhaust elbows. Each end of the 
mixing device has two inlet flows. The inlet flows are opposing and offset to promote 
mixing. After the inlet flows swirl and mix, the gas exits out the 4 inch port on top of the 
device. Two 1.5 inch holes were drilled and tapped into long opposite faces of a square 
tube. Finally a 4 inch thread-O-Let was welded to the 4 inch hole on top of the square 
tube. 
1.4.1 Motivation: 
A critical aspect of an efficient Selective Catalytic Reduction (SCR) setup is the 
mixing of the reducing agent (re-agent) with the exhaust gas stream upstream of the 
catalyst. To ensure uniform Nitrogen Oxide (NOx) conversion downstream of the 
catalyst, uniform mixing must be ensured between the re-agent and the exhaust gas 
upstream of the catalyst. A well-mixed reactor will result in a well-distributed NO" 
13 
conversion than one that is poorly or under mixed. The exhaust flow from an internal 
combustion engine is inherently unsteady. Temperature, pressure and composition all 
vary axially in the exhaust due to variation between cylinders, mixture non-uniformity in 
the cylinder, intake mixture short circuiting (4-strokes), the blow-down event (2-strokes) 
and other scavenging effects (2-strokes). The injection of re-agent is steady in nature and 
is not tailored to match variations in exhaust composition. Factors such as re-agent 
injector design, flow rate of injection, position relative to the reactor and exhaust flow 
rates are key parameters that influence mixing uniformity. Hence, a major chalJenge is to 
ensure there is best possible mixing of the re-agent with the exhaust gases. 
1.5 SCR System Selection and Final Layout: 
Figures 1.6 and 1.7 show the drawing of the test skid that was used for the 
laboratory test and a view of the re-agent injection and the SCR catalyst housing are 
shown. Figure 1.7 is representative of the model built in GAMBIT. a Computational Fluid 
Dynamics (CFD) modeling tool. 
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Cost ($) (S/month) 
cost (S/month) 
($/month) ($/montb) 
Urea 9,146,000 77,760 34,560 34,560 8640 
Aqueous 
8,442,000 49,824 17,280 26,784 5760 
ammonIa 
Anhydrous 
8,277,000 19,728 - 19,008 720 ammonia 
Table 1.1: cost comparison between different re-agents l6 
Table 1.1shows a cost comparison between different re-agents that can be used 
for industrial purposes. Compounds with the superscript '1' in Figure 1.8 are only 
attributed to SCR systems with urea as the Re-agent and only likely when excess urea is 
16 
supplied. However, in the study by Koebel and Elsenerl7 on a urea SCR system, biuret, 
ammeline and melamine, often attributed to the use of urea, were not detected. 
Temperature (0 F) 
200 1000 
~Ammonium N20~ 
Nitrate (5) HCN~ 
HNCO U 1 
~ rea 
~ Cyanuric Acid 1 ~ 
Figure 1.8: Possible formation of unwanted compounds with approximate temperature l 7 
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Reducing agent varied 
40% Urea Solution 
1 19 24% Ammonia Solution 
m Urea Solid 
[J Anhydrous Ammonia 
Figure 1.9: Comparison of NOx conversion rates of various Re-agents
8 
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From Figure 1.9 (above), we can see clearly that Anhydrous Ammonia has 
maximum NOx conversion rates for the same amount of Re-agent used. It was observed 
that anhydrous ammonia has almost two times the rate as 40%) Urea Solution. 
1.6 Problem Statement: 
3-dimensional (3-0) numerical solution of re-agent mixing was simulated using 
GAMBIT & FLUENT. These results were compared with the experimental values 
obtained at the laboratory test centre. Numerical simulations were obtained by injecting 
re-agent at different locations radially. First, the re-agent was injected axially at the 
centre through an orifice in the direction of the flow, while the end was pJugged. Next, 
the injector tube was terminated at the wall of the pipe and was injected radially. In 
addition, the effect of using an in-line mixer (two '0' shaped metal plates at right angles 
to each other) was tested in both the cases numerically and experimentally. 
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Chapter 2: LITERATURE REVIEW 
Although numerous published papers and reports were available on SCR systems~ 
only a few that incorporated CFD studies were found. Two papers by by Zhang et at and 
one by Soo-Jin Jeong et al that deal with mixing characteristics of NH3 upstream of the 
SCR catalyst using CFD were published in the Society of Automotive Engineers (SAE). 
Zhang et aI l8 in their 2006 publication have addressed the geometrical effects on 
flow mixing by using three dimensional CFD. Mixing enhancement was achieved by 
adding a flow mixer. The shapes and locations of flow mixers, as well as the number of 
blades inside the mixer were investigated to show the effect on fluid mixing downstream 
along the flow direction. Results showed great improvement of mixing by adding a delta 
wing mixer. Turbulent flow generated by delta wings proved to be very useful for a 
significant mixing enhancement within a short distance. It was found that a flow mixer in 
front of injector resulted in higher mixing flow indexes just downstream of the mixer. 
The effect of a swirl flow was also studied by utilizing twisted delta wing mixer. It was 
found that the turbulent flow had a dominant effect on the flow mixing index in the short 
distance right behind the flow mixer while the swirling flow dominated through a longer 
distance. 
Geometries used in CFD simulations include a round straight pipe with or without 
flow mixers. The diameter and length of the pipe are 55mm and 450mm respectively. For 
numerical accuracy, the additional pipe length (twice the pipe diameter) was added in 
front of the flow mixer for flow development. Inside the pipe, fine meshes were 
generated towards the pipe wall as well as to both sides of flow mixer. In the vicinities of 
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Figure 2.1: comparison of flow mixing indexes in the flow direction for cases with and without flow 
• 18 mixer 
the mixer blades, very fine meshes were constructed to ensure the capture of local small 
scale vortices. 
From Figure 2.1, a significant improvement just downstream of the flow mixer 
can be evidenced by the comparison of indexes between both geometries. Flow mixing 
index was calculated based on the formula, 
Where, Co = fCdAl Ao and C is the NH3 mass concentration across plane A 
The flow mixing index increased from 0.58 to 0.67 20mm away from the centre 
of flow mixer. The percentage improvement decreases as the location moves further 
downstream and goes down to less than 10% at the fluid exit. Majority of the 
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Figure 2.2: comparison of flow mixing indexes among geometries of four locations of NH.1 injection 
with and without delta flow mixer presented 18 
Figure 2.2 plots mixing indexes change along the flow direction for four NH3 
injector locations. Solid lines represent mixing indexes with a flow mixer while dotted 
lines represent those without a flow mixer. The delta wing mixer is located in front of the 
pipe between 0 and SOmm as specified in the yellow region in Figure 2.2. A jump of flow 
mixing index is evidenced right after flow mixer for injector location 1 and 2, while for 
locations 3 and 4~ a more smooth increase is found. Much lower mixing index is found 
when NH3 injector is installed downstream 60mm away from flow mixer. 
The comparison of flow mixing index along the pipe is shown in figure 2.3 for 
three geometries with different number of blades. Lowest mixing index was found for the 
flow mixer with only two blades. However, no significant effect was found within 
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Figure 2.3: flow mixing index comparison along flow direction among the geometries with different 
number of twisted blades 18 
highest mixing index was along the flow direction all the way to the flow exit in the 
geometry with three twisted blades. Almost 8% higher flow mixing index was found tight 
behind the flow mixer for the geometry with three blades. The percentage of increment 
keeps its strength all the way downstream to the location 1 70mm away from the mixer. 
In summary, flow mixing could be greatly improved by using a delta wing shape 
mixer. The study of the locations of flow mixer indicated a rapid enhancement of flow 
mixing by placing a flow mixer downstream of NH3 injection, whereas for a better 
mixing performance in a longer pipe, a flow mixer should be located upstream of NH3 
injection. 
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Zhang et al l9, in their more recent publication, have investigated flow mixing 
phenomenon in an SCR system. First, the effect of mass flow rates of injected NH3 and 
exhaust gas on flow mixing and pressure loss was investigated for a traditional tube 
injector with single or multiple nozzles. Then, a concept of ring shaped injector with 
multiple nozzles was built for 3-D CFD simulations. Comparisons of flow mixing index 
and injection pressure were made between the two types of injectors. Next, the locations 
of nozzles in the ring injector were studied and the effect on flow mixing index and NH3 
injection pressure were addressed. Finally, the effect of a swirling flow, which can be 
generated by a span element or flow mixer in front of the substrate, was studied and the 
enhancement on flow mixing index was discussed. 
Two gaseous species, hot air and cold NH':h were used to simulate the species 
transportation. The pipe length was approximately 360mm for evaluating the degree of 
fluid mixing. A straight exhaust pipe with a diameter of 59mm was used throughout the 
paper. The diameter of the circular pipe was the same as the tube injector pipe, which was 
approximately 10mm. Very fine meshes were built in the vicinities of the injector pipe 
waH and nozzle locations. 
Mixing index depends not only NH3 injection rate, but on exhaust gas flow rate as 
well. First" the exhaust gas mass flow rate was set to 282g1s. The effect of NH3 injection 
rate on flowing mixing index and injection pressure were studied for a tube injector with 
single nozzle. The area of the nozzle was 2.59 square millimeter and NH3 mass flow rate 
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Figure 2.4: fluid mixing index and NH3 injection pressure versus NH3 mass flow rate 19 
In Figure 2.4, the solid line with square markers represents injector inlet static 
pressure with the vertical axis on the left and dotted line with triangle markers stands for 
flow mixing index with the vertical axis on the right. As expected, injection pressure 
increased exponentially with the increase of injection mass flow rate. Flow mixing index 
was also found to increase with the mass flow rate, but in a slower and a more linear 
manner. About 40/0 improvement was found when NH3 mass flow rate increases from 
0.1255 to 0.7847 gls. 
The effect of exhaust gas flow rate on flow mixing index and NH3 injection 
pressure was also investigated next. The results are shown below in Figure 2.5. Exhaust 
mass flow rates ranged from 84.6 gls to 564 gls corresponding to different engine 
operating conditions. Mass flow rate of NH3 was set constant at 0.3923 gls. Single 
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Figure 2.5: fluid mixing index, static pressures at injector outlets and injector inlet versus exhaust 
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gas mass flow rate 
Flow mixing index decreases with increase in exhaust gas mass flow rate. Rapid 
decrease of mixing index was evidenced at lower exhaust mass flow rate and the speed of 
decrement slowed down as exhaust gas flow rate increased further. More than 10% drop 
of flow mixing index was found when mass flow rate increased from 85 gls to 564 gls. 
Based on the trend, as mass flow rate increased beyond 570 gis, flow mixing index was 
expected to increase. 
Injection pressure for the ring injector was 11445 Pascal (Pa) higher than the tube 
injector, which was 6867 Pa. This is due to the smaller total nozzle area which leads to 
higher velocity at the throat of nozzles for the ring injector. As expected, the total 
pressure loss through the exhaust pipe was also higher for the ring injector. The pressure 
26 
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Figure 2.6: flow mixing index, static injection pressure and system pressure loss versus the locations 
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of nozzles 
loss for the system with a tube injector was around 663 Pa while with the ring injector 
was 2095 Pa. 
Figure 2.6 depicts the flow mixing index, static injection pressure and system 
pressure loss at various locations of nozzles. Flow mixing increased as the nozzle 
location moves from front side (0 degree) to outer side (90 degrees) and reached a 
maximum value roughly at the location where the lowest injection pressure is found. As 
the nozzle moves further to 180 degrees, a sharp loss of flow mixing index was observed. 
The flow mixing index dropped from 0.915 to 0.815. As the location moves from 180 to 
270 degrees, the mixing index dropped continuaHy and reached its lowest value at the 
location where the second lowest injection pressure was found. A rapid increase of flow 
27 
mixing index was seen when location moves from 270 degrees to 0 degree. Mixing index 
can be varied from 0.785 to 0.915 based on different nozzle locations. 
In summary, for a traditional tube injector the flow mixing index, as well as 
injection pressure, increased with the increase of NHJ injection rate. Flow mixing index 
decreased with increase of exhaust gas flow rate. In general, the ring injector achieved 
higher mixing index than the tube injector. Swirling flow was proved to be very helpful 
to improve flow mixing index for a tube injector system. More than 100% increment in 
enhancement was found right after the NH3 injector. Only slight mixing index 
improvement was observed for a ring injector. 
Jeong et a1 20 in this paper have studied three dimensional numerical simulation of 
urea injection of heavy-duty diesel engine under various injection pressure, injector 
locations and number of injection holes. The effect of location and number of holes of 
urea injector on the uniformity of ammonia concentration distribution and the amount of 
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Figure 2.7 Geometry of Urea_SeR20 
28 
The geometry of urea-SCR system for a 7.2 liter diesel engine used in this work 
was modeled and is shown in Figure 2.7. It was assumed that the exhaust gas consisted of 
77% Nitrogen (N2) and 23% Oxygen (02) in mass fraction. The cell density of the 
monolith, open frontal area and geometric surface area were 200 cells per square inch 
(cpsi), 690/0 and 18.5 square centimeter I cubic centimeter (cm2/cm3). The wall thickness 
of the monolith was about 0.3 millimeter (mm). Urea solution of 32.50/0 concentration 
was used. 
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Figure 2.8: comparison of mal-distribution index in diffuser as function of injection nozzle location
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Figure 2.8 shows axial mal-distribution index of ammonia from inlet expansion to 
SCR monolith face at the end of injection (t=80 milliseconds) for various injector 
locations of 6 hole urea injector at 1 bar pressure. Mal-distribution index (y) was 
calculated using the formula, 
y = II (2n) * L ~ (C i - Caverage) A21 Caverage 
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Where, n = number of points; Ci = concentration of ammonia at location ~i' & 
Caverage = average surface concentration of ammonia 
It can be observed that when injector was located at 1 D (one times the diameter of 
the exhaust pipe, D) upstream of the monolith, the mal-distribution index decreases 
linearly ranging from inlet expansion to 30% of total diffuser length. There is not a 
significant variation between 30% and 850/0 of the total diffuser length. But, a sharp 
decrease is observed from 850/0 to the monolith face. 1,5D, 3D, 5D and 7D represent the 
injector location that is 1.5, 3,5 and 7 times the diameter of the exhaust pipe. Mal-
distribution index of ammonia concentration on the monolith face decreased by 13%, 
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Figure 2.9: comparison of mal-distribution index in diffuser as function of injection nozzle hole20 
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Figure 2.9 suggests the mal-distribution index in the diffuser for different number 
of injector nozzle holes when the injector is located at 1 D upstream of the monolith and 
at 1 bar pressure. 
Where L = diffuser length 
a = fractional diffuser length 
It can be observed that highest mal-distribution index on the monolith face occurs 
for a 1 hole injector. The non-uniformity of a 2 hole injector is lower than that of a 6 hole 
and an 8 hole. In all cases, uniformity increased linearly until about 300/0 of the total 
diffuser length. There was an increase in non-uniformity from 300/0 to 600/0 in each of the 
case, which was followed by a gradual decrease. Best mixing was seen in a 4 hole 
injector, with the mal-distribution index being close to 0.3 on the monolith face. 
In summary, the location of injector and the number of injector holes should be 
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Chapter 3: NUMERICAL SOLUTION (2-d MODEL) 
3.1 Motivation: 
Although the actual solution for a mixing model of this kind requires a complete 
three dimensional model that takes into account the precise replication of the physical 
hardware, to gain an understanding of the flow structures and other contours a two 
dimensional model was first made and analyzed. The study of a 2-d model was quite 
helpful in making certain assumptions for the 3-d model and thus reducing unnecessary 
complications. 
3.2 Modeling: 
The dimensions of the experimental setup were first recorded from an A UTOCAD 
file that was provided by the hardware manufacturer, EN VIR Okin etics , and then GAMBIT 
was used to build the model and create the mesh. Only a part, the section of interest, of 
the complete SCR system utilized at the EECL was modeled. The section of interest 
covers the point downstream of the first oxidation catalyst (not utilized in the experiment) 
position to the point just upstream of the SCR catalyst. The re-agent injection system is 
about 2.5 inches downstream of the first 90° bend. The injector tube is an ordinary 0.5 
inch diameter transport tube that is operated at Standard Liters per Minute (SLM) from 
the ammonia storage tank to injection point. The injector tube is about 12-15 feet long 
with a number of turns in its course before reaching the injection point. Three cases of 
ammonia injection at the wall with no down-stream mixer, an angled down-stream mixer 
and a central mixer are discussed in this chapter. Due to the diversion of flow of the 
exhaust around the injector in a 2-dimensional case, the injector was modeled to inject 
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Figure3.l: Mesh in case (a) 
ammonia from the wall end of the reactor (the part of the model to which the injector is 
attached). The three cases - their meshes and boundary conditions - are shown in Figure 
3.1. 
As can be seen in Figure 3.1, a 2-d model was created using the actual hardware 
dimensions for the pipe section and the injector tube. Only 3 inches of the injector was 
modeled as the flow is fully developed. The Quad map scheme of mesh was applied to 
the entire model. A quad-map scheme generates a regular, structured quadrilateral grid of 
mesh elements. Approximately 13,000 elements were created with the mesh. The two 
bends seen in the Figure 3.1 were meshed using a sizing function. A sizing function 
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allows the user to define the mesh for a face or volume as a function of growth rate and 
the maximum size of the mesh element. It can be observed that the mesh is fine inside 
and just outside the injector tube so as to compute the parameters of interest accurately in 
that vicinity. Figure 3.2 and 3.3 show the boundary conditions that were imposed on the 
model for case (a). Figure 3.3 shows the magnified area of the re-agent injector tube. 
Since the actual flow values of velocity inlet (exhaust), pressure outlet (exhaust and re-
agent), and mass flow rate of re-agent were known, they were utilized as the boundary 
conditions. 'Interior' simply means that flow can pass through it and does not obstruct 
flow. 'Wall' means that that particular edge/face acts as a wall (obstruction). 
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Figure 3.3: boundary conditions (zoom) in case (a) 
In the second case ~ ammonia injection at wall and an included down-stream 
angled wall mixer - an angled wall at approximately 4 inches downstream of the injector 
and 45° to the horizontal was modeled to induce some amount of turbulence in the flow. 
Although this is not the actual shape of mixer utilized in the laboratory experiment, it has 
been done so to replicate the use of a mixer. A tri pave scheme was used for the reactor 
part and quad map scheme for the rest of the geometry. A tri pave scheme generates an 
unstructured grid of only triangular elements. Again, approximately 13,000 elements 
were created with the mesh and a sizing function was used to mesh the two 90° bends. 
Images of the mesh and the boundary conditions are shown in Figures 3.4 and 3.5. 
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A third case incorporates a one inch horizontal wall located five inches down-
stream of the ammonia injector and equally spaced from both the ends of the wall of the 
reactor. A quad map scheme was used throughout the model for meshing. The total 
number of elements is approximately 14,000. Images of the mesh and the boundary 
conditions are shown Figures 3.6 and 3.7. A sizing function was used to mesh the two 
90° bends. 
K 
Figure 3.6: mesh in case (c) 
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Figure 3.7: boundary conditions in case (c) 
The models were imposed to be analyzed under a set of boundary conditions, 
which were chosen based experimental data. A velocity inlet for the exhaust gas flow, a 
mass flow rate for the ammonia (re-agent) and a pressure outlet for the overall flow was 
selected for the FLUENT analysis. For FLUENT analysis, in case of all other 2-d 
models, the same constraints were imposed. Baseline data (various parameters such as 
volumetric flow rates, mass flow rates, pressures and temperatures) was collected for the 
SCR system using five different catalysts (based on the donor) tested through a range of 
operating conditions. Data measured for a typical case was taken for FL UENT analysis. 
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3.3 FLUENT Analysis: 
In conducting FLUENT analysis, certain assumptions necessary for the 
simplification of problem solving, while maintaining a consistency with test data and 
actual hardware, were made. The exhaust gas composition was assumed to have Nitrogen 
(N2), Oxygen (02), Carbon dioxide (C02) and Water (H20). Concentrations of the 
assumed gases in the exhaust were extracted from the baseline data that was recorded 
using different catalysts in the SCR catalyst housing separately. The exhaust gas from the 
engine was passed through a 5-gas analyzer (02, CO2, NOx, THC and CO) and a Fourier 
Transform Infrared Spectrometer (FTIR). This data was used to estimate the exhaust gas 
concentrations. O2 was analyzed by a 5-gas rack analyzer, while CO2 and H20 were 
analyzed by an FTIR system. N2 was calculated assuming the remaining gas was N2 (N2 
balance). The 5-gas rack analyzer measures the concentration in dry and hence needed to 
be converted to wet in order to calculate the mole fractions and thereby mass fractions, 
which FLUENT utilizes. The FTIR measures concentrations in raw (wet) parts per 
million (ppm). This can be converted into mole fraction, thereby mass fraction. Other 
information such as density, specific heat, thermal conductivity and kinematic viscosity 
were taken from the FLUENT library. Additionally, outlet mass fractions of the exhaust 
gases were calculated based on the ammonia mass flow rate. 
If mdot-exit = mass flow rate at the exit 
mdot-inlet= mass flow rate at the inlet 
ffidot-NH3= mass flow rate of ammonia 
mdot-exit(i)=mass flow rate of species 'j' at exit 
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mdot-inlet(i)=mass flow rate of species 'i' at inlet 
Y(i)-inlet=mass fraction of species 'i' at inlet 
Y(i)-exit=maSS fraction of species 'i' at exit 
• mdot-exit = moot-inlet + Tl\:!ot-NH3 
• mdot-exit(i) = Y(iHn!et * mdot-inlet(i) 
• mdot-exit(i) = mdot-inlet(i) = (Y(i)-exit) * mdot-exit 
• mdot-in1et(i) = Y(i)-inlet * mdot-NH3 
From the above, 
• Y(i)-exit ( mdot-inlet(i) / mdot-exhaust ) 
From the baseline testing data in the laboratory, the following was extracted: 
• Inlet conditions: 
Average velocity of exhaust gas = 14.29 mls 
Mass Flow rate 
A verage temperature 
• Outlet conditions: 
= 0.094 kgls 
=572 K 
Average exhaust gauge pressure = 0.99 psig = 6825.8 Pag 
Average temperature =572 K 
• Re-agent (Ammonia) Injection: 
Average ammonia flow = 595 mllmin -- 6.743E-6 kgls 
Injected @ Standard Temperature and Pressure (STP) 
41 






















Contours of Static Pressure (pascal) Jun 24, 2007 
FLUENT 6.2 (2d dp segregated, spe, ske) 
Figure 3.8: contours of static pressure in case (a) 
Figure 3.8 depicts the static pressure contours for case (a). The average exhaust 
gauge pressure was detennined from experimental data. This pressure was applied as the 
outlet pressure and was approximately 0.99 pounds per square inch gage (psig), or 6830 
Pascals gage (Pag). FLUENT automatically calculated the inlet pressure for the given 
exhaust flow velocity and ammonia mass inflow rate. An inlet pressure of about 6740 
Pag is evidenced. As expected, regions of high pressure can be observed at the outer 
walls of the two 90° bends, while regions of low pressure can be observed close to the 























Contours of Velocity Magnitude (m/s) Jun 24,2007 
FLUENT 6.2 (2d, dp, segregated, spe. ske) 
Figure 3.9: contours of velocity magnitude in case (a) 
Contours of velocity magnitude can be seen in Figure 3.9. Nonnally, we would 
expect velocity to maximize at regions where pressure is lowest. However, it can be 
observed that the velocity is highest near the first 90° bend but is different at the second 
bend. This is due to the difference in total pressure before and after the first bend. There 
is a slight loss due to the wall friction and also the boundary layer separation after the 
first bend. The same can be expected after the second bend. The velocity inside the 
ammonia injector cannot be seen in this range as it is injected at very low speeds when 
compared with the exhaust gas. It can also be observed that there is a thickening in 
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,Figure 3.10: contours of loglo mass fractions of NH3 in case (a) 
boundary layer attached to the inner wall of the reactor, which quickly thins down. This 
is due to the injection of ammonia. 
Figure 3.10 depicts contours of the logarithmic plots of the mass fractions of 
ammonia. Logarithmic plots have been chosen to show the entire contour in one single 
range. FLUENT also produces indistinguishable color artifacts when plotting different 
ranges for the mass fractions of ammonia. It is seen that the ammonia sticks to the inner 
wall of the pipe. This happens due to the very low velocity injection of ammonia in 
comparison with the exhaust gases. The flow, almost completely, sticks to the wall. 
Figure 3.10 shows that the stratification of ammonia across the outlet wall ranges from 
10.6.2 to 10.5.2 mass fractions. There is a ten factor difference seen in the stratification. 
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FLUENT 6.2 (2d, dp, segregated; spe, ske) 
Figure 3.11: contours of static pressure in case (b) 
The motivation to run this case is to compute the flow stream at the introduction 
of a wall downstream of the ammonia injector. It is obvious from Figure 3.11 that there 
is a definite change in the flow stream. High pressures are seen all the way up until the 
flow is obstructed by the angled wall (mixer) and then a region of low pressure can be 
seen right behind the mixer. As with case (a), highest pressure is observed at the first 90° 
bend's outer wall. However, no low pressure is seen at the inner wall of the first bend. 
This is due to the shape and location of the mixer, which is attached to the inner wall of 
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Figure 3.12: contours of velocity magnitude in case (b) 
Figure 3.12 shows velocity contours colored by velocity magnitude. It can be 
observed that the flow moves with greater velocity at the inner wall of first bend than the 
outer layers due the pressure increase at the first bend outward from the inner wall. The 
inclusion of the angled wall downstream of the ammonia injector induces the flow to go 
around it and induces mixing. The exhaust gas and ammonia mixture is forced around the 
end of the angled wall, creating a high velocity region. The region in red, in Figure 3.12, 
shows areas of maximum velocity reaching approximately 35 m/s. The flow then flows 
along the outer wall after being diverted by the mixer and slowly disperses downstream. 
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Figure 3.1 3: contours of velocity vectors in case (b) 
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Figure 3.14: contours of velocity vectors (zoomed) in case (b) 
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Figure 3.15: contours of loglo mass fractions of NHJ in case (b) 
Figures 3.13 and 3.14 show the velocity vectors colored by the velocity 
magnitude of the flow. Localized eddies can be seen behind the mixer. This suggests that 
there is a significant amount of turbulence introduced by the mixer 
Figure 3.15 shows contours of the mass fractions of ammonia on a logarithmic 
basis. The plot suggests that there is a very effective mixing at the outlet. We can 
attribute this to the presence of the mixer. The concentrations at the outlet were computed 
in the range of 10-5.3 to 10-5• This strengthens the argument of the use of a mixer 
downstream ofre-agent injection. 
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Case (c): Ammonia injection witlt central wall down-stream mixer 
In this case~ a variation in the orientation of the mixer was modeled to examine 
the effect on flow and mixing. A central wall that is about one inch in length and 
equidistant from both the walls of the pipe was created downstream of the ammonia 
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Figure 3.16: contours of static pressure in case (c) 
Figure 3.16 represents pressure contours of the case in discussion. Higher 
pressures are noted just upstream of central wall mixer. The flow passes through the first 
bend with lower pressures at the inner wall and greater pressures at the outer bend. Just 























Contours of Velocity Magnitude (m/s) Jun 24,2007 
FLUENT 6.2 (2d, dp, segregated, spe, ske) 
Figure 3.17: contours of velocity magnitude in case (c) 
radially outward. This is due to the flow of the exhaust and ammonia mixture around the 
central wall that is concentrated towards the walls of the reactor. 
The velocity contours suggest that there is a maximum velocity on either side of 
the central wall slightly downstream of the mixer. It is observed that velocities are very 
low just behind (downstream) the mixer. Due to the immediate bend in the pipe 
downstream of the mixer, there is a higher velocity observed towards the outer wall close 
to the outlet. The flow is pushed towards the outer wall as it tends to separate slightly 
from the inner wall of the second bend. The contours for velocity vectors are shown in 
Fig 3.18. Flow recirculation can be observed just downstream of the mixer. Two eddies 
so 
can be seen on either side of the mixer after deviating from the mIxer. This causes 
turbulence in the flow. The eddies develop elliptically and their velocities add to the 
neighboring layers, thereby increasing the velocity magnitudes of the layers of flow on 
either side of the mixer. 
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Figure 3.t8: contours of velocity vectors in case (c) 
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Figure 3.19: contours oflog1o mass fractions ofNH3 in case (c) 
Figure 3.19 shows us the contours of the ammonia mass fraction on a logarithmic 
basis. The results show there is effective mixing induced by the central mixer. The mass 
fractions range from about 10-5.6 to 10-5 at the exit section. Therefore, there is effective 
mixing at the outlet and the ammonia distribution is relatively uniform. Perhaps, mixing 
could be improved by increasing the length of the central mixer. However, the analysis of 
2-D cases has been stopped at this point. The analysis of 3-dimensional cases began as it 
replicated the system more accurately. 
52 
Chapter 4: NUMERICAL SOLUTION (3-D MODEL) 
4.1 Motivation: 
The three different models analyzed in 2-D shows us the flow characteristics 
without and with different shapes of mixers downstream of the reagent injection. The 2-D 
analysis suggests that turbulence can be induced using a flow obstruction to see a 
uniformity in the reagent at catalyst inlet using FLUENT. Hence, a 3-D model was 
constructed to analyze the flow. Some simplifications to the fluent analysis were 
implemented based on the 2-D analysis. For example, the pressure outlet condition was 
changed to outflow, the density was set to volume-weighted-mixing law to eliminate the 
usage of energy equation, thereby reducing the iteration time. 
4.2 Modeling: 
A 3-d model was created in GAMBIT. An expansion in the model towards the 
outlet was created. The expansion from the circular pipe of four inches diameter to the 
square pipe six inches in diameter was modeled to include more hardware features. The 
mixing uniformity will be measured by utilizing a traversing probe in the square piping 
just upstream of the SCR catalyst bricks. The ammonia injection system is about 2.5 
inches downstream of the first 90° bend. The injection tube is a relatively simple design. 
It is constructed of a 0.5 inch diameter transport tube that is operated at Standard Liters 
per Minute (SLM) from the ammonia storage tank to injection point. The tube protrudes 
into the exhaust flow, with the tube axis orthogonal to the flow, terminating at the pipe 
centre. The end of the tube is plugged. The re-agent flows out a radial orifice in the tube 
in the direction of the exhaust flow. 
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The effect of mixing for four different cases was studied. The first case was 
ammonia injection at the centre of the reactor section with the injecting orifice facing the 
direction of the flow. Just downstream of this injector is two 'D' shaped mixers that are at 
right angles to each other. In the second case, this mixer was removed with the injector 
orifice remaining at the centre. In the third case, the injector tube was cut at the wall of 
the reactor and the mixer was placed downstream of the injection location. In the fourth 
case, the mixer was removed and injection was the same as the third case. Results of all 
four cases were analyzed to compare the mixing uniformity. 
It is clear from Figure 4.1 that the injector tube extends into the reactor section of 
the model and the injection orifice faces the direction of the exhaust gas flow. 
Exhaust outflow 
Grid 
Exhaust gas inlet 
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I Mixer I 4-----------------------~ 
Injection direction 
Ammonia injection inlet 
---.- .-.--------- .. -.---~ 
Oct ]3. 2 007 
FLUENT 6.3 (3d. pbns. spe. ske) 
Figure 4. t: Central injection with downstream mixer 
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Downstream of this injector tube are a two 'D' shaped plates (mixer) welded to 
each other at right angles. A vertical cylinder, to model the exhaust gas flow around a 
sample probe, has been included in the extended square section. The mesh created was 
made very fine inside the ammonia injector tube and in the vicinity of the orifice through 
which ammonia is released. The meshes were mapped between the outer wall of the 
injector tube section inside the reactor and the inner wall of the reactor such that it grows 
coarser away from the injector tube. This way a uniform mesh with concentration around 
the injector tube could be obtained. Approximately, 240,000 cells were created from the 
mesh. A tetrahedral - hybrid element with aT-Grid type element was chosen for meshing 
the model. The boundary conditions for this case remained mostly similar to that of the 
2-d case except that the outlet surface was changed from the circular pipe exit to the 
square pipe exit. The part of the injector tube that penetrates through the reactor, the 
mixer and the probe were called • wall' in Fluent so these parts would be treated as an 
obstruction in the flow similar to the physical process. The rest of those surfaces inside 
the model were called as 'interior' so the flow could go through those surfaces. 
Figure 4.2 depicts the model created in Gambit of case (b). In case (b), the mixer 
downstream of the injector tube was eliminated but the injection tube still injects at the 
centre of the reactor. However, the rest of the parameters such as the total number of 
mesh elements, the boundary conditions, the type of mesh and the mesh concentrations 
-around different sections of the model were all kept same. 
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Figure 4.2: Central Injection without downstream mixer 
In case (c), the injector tube was cut off at the point where it enters the reactor 
section so that it will inject ammonia at the wall rather than at the centre as in case (a) 
and (b). The two 'D' shaped mixers were utilized in this case to see how the flow and 
mixing would behave with ammonia injection at the wall. About 200,000 elements were 
created from the mesh. A tetrahedral - hybrid element with aT-Grid type element was 
chosen for meshing the model. The boundary conditions for this case remained similar to 
that of the 2-D case except that the outlet surface was changed from the circular pipe exit 
to the square pipe exit. The mixer and the probe were called 'wall' so the flow would go 
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around the tube. The injector section that penetrates through the reactor, in this case, is 
not present. Hence, the surface of intersection between the injector and the reactor was 
I Exhaust gas inlet 
Injector tube r 
Sep19.2007 
FLUENT 6.3 (3d. pbns. spe, ske) 
Figure 4.3: Wall Injection with d.ownstream mixer 
called 'interior' and ammonia was injected though this surface. The rest of the surfaces 
inside the model were called as 'interior' so the flow could go through those surfaces. 
In case (d), the mixer downstream of the ammonia injection was removed with 
injection remaining at the wall. Similar boundary conditions were applied as in case (c), 
except that the mixer is removed. Parameters such as the total number of mesh elements, 
the boundary conditions, the type of mesh and the mesh concentrations around different 
sections of the model were kept same. Approximately 200,000 elements were created 
57 
using a Tetrahedral Hybrid element. A T-grid type mesh was used in creating the mesh. 
Like in cases (a), (b) and (c), a probe was modeled just outside the circular pipe exit, 
about one inch inside the square pipe, and upstream of the catalyst bricks. 
Grid 




FLUENT 6.3 (3d. pbns, spe, ske) 
Figure 4.4: Wall Injection without downstream mixer 
4.3 FLUENT Analysis: 
In conducting FLUENT analysis, certain assumptions are necessary for the 
simplification of problem solving, while maintaining a consistency with the physical 
hardware. The exhaust gas composition was assumed to have Nitrogen (N2), Oxygen 
(02), Carbon dioxide (C02) and Water (H20). Concentrations of the assumed gases in the 
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exhaust were extracted from the experimental data that was recorded using different 
catalysts in the SCR catalyst housing separately. In the 3-D model, the outlet boundary 
condition was changed from ~pressure outlet' to 'outflow' to reduce the iteration time. 
The 'outflow' option simply sets the outlet surface as outflow and does not change the 
way the solver iterates to obtain the solution. 'Pressure outlet' boundary condition 
requires the specification of a static (gauge) pressure at the outlet boundary. The rate of 
ammonia injection for the modeling was based upon experimental data. Experimentally, 
the ammonia injection rate depends on the exhaust flowrate, NOx concentration and the 
desired NH3INOx molar ratio (typically between 0.75 and 0.95). 
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Figure 4.5: Velocity magnitude in the z=O plane 
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Figure 4.5 depicts the contours of velocity magnitude through the model at the 
central plane, z=o. This view was selected so to show the flow pattern around the mixer 
and the probe in the square tube. Velocity reaches a maximum at the sides of the mixer 
where most of the flow is diverted. The flow from the inner waH is pushed off the wall as 
it traverses through the second bend. At the exit section of the circular pipe, which forms 
the inlet section for the square pipe, there is an expansion due to the increase in flow area 
and consequently, low velocity magnitudes are seen in the comers at the square pipe 
entry section. Inside the square pipe, velocity magnitude reduces in the negative X 
direction. The boundary layer develops down the square pipe. 
4.55e+O I 
4.33e+O 1 
4.1 0e+O l 
3.87e+O 1 
3.64e+O I 
3.4 2e+O 1 
3.1 ge+O l 
2.96e t OI 






1. 37e+O l 
1.1 4e+O l 
9.1 6e+OO 
6.8ge+OO 
4. 62e+OO Lx 2.34e+OO 
6.9ge - 02 
Contours of Turbulent Intensity (%) Oct 16.2007 
FLUENT 6.3 (3d. pbns. spe. ske) 
Figure 4.6: Turbulent intensity in tbe z=O plane 
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The turbulence intensity is defined as the ratio of the root means square (RMS) of 
the turbulent velocity fluctuation to the mean velocity. The RMS velocity can be 
calculated from the turbulent energy. Typically a high turbulence case corresponds to 
turbulent intensity between 5 % and 20%. Downstream of the injector, the turbulent 
intensity is greater than 50/0 throughout the flow. Highest turbulent intensities are just 
downstream of the mixer ranging from 30% to 45%. This indicates that the location and 
shape of the mixer utilized in the study are effective. Just outside the circular pipe exit, 
where the traversing probe is stationed, the turbulent intensity ranged from 5% at the 
walls and peaked at the centre to about 16%. As seen in Figure 4.6, a jump in turbulence 
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Figure 4.7: Velocity vectors in the z=O plane 
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Figure 4.7 depicts the contours of the velocity vectors colored by velocity 
magnitude. In the z=O plane, it was observed that the velocity vectors in the layers 
towards the outer wall were greater in velocity magnitude compared with those towards 
the inner wall. This was due to the location of the ammonia injector and also as a result of 
the centrifugal force that the flow undergoes after going through the first bend. The 
exhaust flow has to go around the injector tube and is then obstructed by the mixer 
downstream. This mixer forces the flow to go around it and induces turbulence. 
Localized eddies can be observed just downstream of the mixer, which causes turbulence 
to grow. Ammonia mass fractions were measured to be in the range of 10-4.2 to 10-4.3. 
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Figure 4.8: Logarithmic Mass fractions of NH3 in z=O plane 
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Logarithmic plots of NH3 mass fractions are shown to avoid the plotting artifact 
(blank colorless space in the contour, if the values are out of range) of FLUENT when 
trying to plot the mass fractions ranging from 10-7 to 10-3, which are the minimum and 
maximum mass fractions. Figure 4.8 shows effective mixing of ammonia. Ammonia 
mass fraction is relatively uniform after the flow interacts with the mixer. At the vertical 
probe, the mass fractions are in the 10-4.2 to 104 .5 range. 
Case (b): Central Injection without downstream mixer 
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Figure 4.10: Velocity Contours at the exit section of the circular pipe 
The effect of removing the mixer is illustrated in case (b), shown in Figures 4.9 to 
4.12. Although the injection was at the centre of the reactor, the velocity contours look 
different from that of case (a). Exhaust gases flow in through the first bend at 
approximately 14.3 mls and deviates around the injector tube and concentrate towards the 
outer walls. The centrifugal force causes the velocity to be greater in the upper layers 
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Figure 4. J 2: Logarithmic mass fractions of NHl at exit section of circular pipe 
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The Figures 4.11 shows contours of turbulent intensity in the z=o plane. Figure 
4.12 depicts contours of logarithmic contours of mass fractions on the surface of the exit 
section of the circular pipe. Figure 4.12 explains better the effect of the turbulence in the 
model. The turbulent intensities ranged from 20/0 to about 70/0 at the exit section, which 
suggests that low turbulence was computed. From Figure 4.12, it can be observed that 
ammonia is concentrated towards the top (outer wall) and gradually reduces towards the 
bottom. This is possible when there is poor mixing in the system. The flow is pushed 
outward at the second bend and so hence ammonia concentrates towards upper layers. 
Ammonia mass fractions were computed to be between 1 O~3.5 and 10-5.5. 
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Figure 4.13: Velocity Magnitude in the z=O plane 
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Figure 4.14: Turbulent Intensity in the z==O plane 
Figures 4.13 to 4.15 depict the case of re-agent injection orthogonal to the exhaust flow 
direction at the wall. In this case, the velocity magnitudes are approximately constant to 
the second significant number at the exit section of the circular pipe. The velocity was 
shown to be relatively unifonn throughout the cross-section of the circular pipe exit 
ranging between 13.5 mls and 14.5 mls. 
The turbulent intensity contours are shown in Figure 4.14 in the z=O plane. The 
contours show that there is a significant amount of turbulence using a mixer downstream 
of the injector. The contour looks similar to case (a) with high turbulent intensities 
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Figure 4.15: Logarithmic Mass fractions of NHJ in z=0 plane 
ranging in the order of 37% to 45%. This is high turbulence that can lead to uniform 
mixing. The contours suggest that the flow is similar to that of case (a). 
Although the injector was terminated at the wall of the reactor, there appears to be 
adequate mixeding in the pipe. Almost immediately downstream of the mixer ammonia is 
relatively uniform with mass fractions of about 10-4.2• As ammonia is injected out of the 
injector at the wall, it has a tendency to stick to the inner wall owing to its very small 
local velocity in comparison with the high velocity of the exhaust gas. The presence of 
the mixer provides the needed obstruction to divert the flow across the cross section of 
the pipe and enhance mixing. 
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Case (d): Wall Injection without downstream mixer 
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Figure 4.16: Velocity Magnitude in the z=O plane 
Figures 4.16 to 4.18 show the contours of velocity magnitude, turbulent intensity 
and mass fractions of ammonia after mixing with exhaust gas. Ammonia was injected 
similar to case (c). In the case of wall injection and no downstream mixer, maximum 
stratification can be observed in the velocity magnitude at the exit section of the circular 
pipe. The velocity magnitude increases outward from the inner wall from about 9 mls to 
17.5 mls. The layers at the inner wall while making the second bend see a sudden 
increase in the velocity and are then further pushed outward due to the centrifugal effect. 
At the entry of the square pipe that there is an expansion in the flow and localized low 
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Figure 4.17: Turbulent Intensity in the z=O plane 
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Figure 4.18: Logarithmic mass fractions at the exit section of the circular pipe 
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Owing to the fact that there is no downstream in-line mixer to instigate 
turbulence, no turbulence is observed. Turbulent intensity of approximately 40% is seen 
right behind the vertical probe. However, the intensity ranges from about 6% to 10% in 
the rest of the pipe. From Figure 4.18, it is clear that there is poor distribution of 
ammonia across the exit surface of the circular pipe. The trend is expected to be, more or 
less, the same after expanding into the square pipe where the measurements will be taken 
using a traversing probe. There is a variance in mass fraction between 10· 5.6 to 10-3.5• 
The four cases discussed demonstrate the importance of utilizing an in-line mixer 
downstream of the ammonia injector tube. Uniform concentrations are expected across 
the cross section of interest (just outside the circular pipe) when utilizing a mixer. 
4.4 Comparison of mass fractions at the vertical probe 
Figure 4.19 is a comparison between all the four 3-D cases discussed. The Y-axis 
is the position from the upper face to the lower face of the square pipe. The upper wall 
corresponds to the 27.5 inches and the lower to 21.5 inches. These values refer to the 
actual dimensions from the datum, which was set to the centre of' exhaust gas inlet' face 
in Figures 4.1, 4.2, 4.3 and 4.4. The X axis shows mass fractions (log scale). The 
maximum variation in ammonia mass fraction is seen in wall injection without mixer (red 
trend) ranging from 10-5.6 to 10-3.6• The variation in mass fraction for wall injection with 
mixer (black trend) is in the range of 104 .36 to 104 .29, which matched very closely with 
the case of central injection with mixer (green trend). The mass fractions of ammonia in 
the case of central injection without mixer (blue trend) were in the range of 104 .9 to 104 .1. 
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Figure 4.20: Comparison of mass fractions (log scale) between all four cases at the movable probe 
(horizontal) 
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Figure 4.20 shows the comparison of mass fractions (log scale) between all the 
four 3-D cases at the movable probe. The horizontal axis is loglO of mass fractions and 
the vertical axis is the distance into the square pipe (negative Z axis) from the wall. There 
is a difference in mass fraction distribution in the horizontal axis in all the four cases, 
which implies the mal-distribution present in the horizontal plane. The mixing at the 
probe for the horizontal axis is generally more unifonn. However, the relative 
comparison between the four 3-D cases with the vertical plane is maintained. The cases 
of wall injection and central injection employing a downstream mixer (Blue and black 
trends) are relatively unifonn. The ammonia mass fractions in case of central injection 
without a mixer (red trend) varied between 10-4·6 and 10-4·2. Mass fractions in case of wall 
injection without mixer (green trend) showed poorest mixing with mass fraction ranging 
between 10-4.9 and 10-4·15. 
4.5 Degree of heterogeneity: 
To describe the level of heterogeneity, or "mal-distribution", a degree of 
heterogeneity parameter (a) was introduced. The degree of heterogeneity is defined as 
Where, 
a = degree of heterogeneity 
XY = number of measuring points, or pixels, in the measuring plane 
XjX,y) ammonia mole fraction at measuring point (x,y) 
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Case Degree of heterogeneity (a) 
Central injection with mixer 0.065 
Central injection without mixer 0.475 
Wall injection with mixer 0.071 
Wall injection without mixer 0.875 
Table 4.1: Comparison of Degree of Heterogeneity between all four cases 
Xtmean mean ammonia mole fraction over measuring plane 
Table 4.1 lists the degree of heterogeneity in all the four 3-D cases. 
In the equation above for the degree of heterogeneity, the numerator is the spatial 
standard deviation of the ammonia mole fraction. The standard deviation is normalized 
by the spatial mean ammonia mole fraction in the denominator. 
Highest degree of heterogeneity (alpha) was computed in case (d) - wall injection 
without mixer - with a degree of 0.875. Alpha was computed about 0.48 for case (b). 
Alpha was very small in cases (a) and (c), with values of 0.065 and 0.071. 
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Chapter 5: EXPERIMENTAL INVESTIGATION 
5.1 Motivation: 
A CFD solution is never perfectly accurate in replicating a physical problem. This 
may be due to the various assumptions taken in simulating the physical process. An 
experimental comparison is useful to assess the accuracy of the numerical solution. This 
comparison will identify any shortcomings of the numerical simulation and lead to the 
reasons for any discrepancies. Any numerical solution should be validated with 
experimental results. In this case, after a thorough design process, a traversing probe was 
built to sample ammonia concentration across the catalyst housing. This provides the data 
to compare with the CFD solution and additional insight into the flow scenario. 
5.2 Traversing Probe: 
A traversing probe was designed using ProlE for the purpose of sampling the 
concentrations of NH3 at successive locations of the catalyst housing cross section. 
Figures 5.1 and 5.2 (below) represent the traversing probe assembly connected to the 
catalyst housing and the traversing probe assembly, respectively. A rack and pinion gear 
mechanism was utilized to convert the rotary motion to translational motion. The aim was 
to be able to crank the rack and pinion mechanism along with a quarter inch steel sample 
tube at desired distances into the catalyst housing. For this purpose, the quarter inch 
sampling tube was welded to the gear rack that was end milled on the bottom face so as 
to accommodate the sampling tube in the groove. The steel tube was welded to the gear 
rack in the groove so that it moves along with the gear rack. Various guiding and 
supporting parts such as a central guide, a bend guide etc. were designed so as to have 
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maximum control over the lateral movement of the gear rack and to support the rack and 
pinion assembly to bend on its own weight. Holes - of size 0.5 inch - were made on 
opposite walls of the catalyst housing to which half coupling were welded. These 12 inch 
NPT (national pipe thread), couplings were welded. A two piece sealing assembly 
containing graphite gaskets, threads into the 12 inch NPT couplings. 
A list of all components with their design details - used in the traversing probe -
assembly is provided below. 
1. Square tube: A 4 inch by 4 inch square tube 18 inches in length and a wall thickness 
of 0.125 inch was used to house the entire assembly. All the components such as the 
rack and pinion, guiding block plates and structural enhancement blocks were fitted 
into this tube. This square tube was bored with 0.5 inch holes on the longer sides in 
order to accommodate the hardened precision shaft so it can provide the necessary 
torque to set the gear rack into motion. Two sets of holes of 0.375 inch diameter were 
machined on the top and bottom faces to be able to fasten the centre guide and bend 
guide blocks. End grooves were machined at one end of the tube on the longer sides 
to provide ability to fasten the end plate with a hole for the probe on it. 
2. Rack and Pinion gears: A gear rack of 12 pitch - 0.75 inch face width, 7 inch in 
length and 0.75 inch in overall height was machined with a lengthwise continuous 
groove that can accommodate the 0.25 inch stainless steel sample tube of wall 
thickness 0.049 inch. The steel finished mating spur gear was through bored. The 
dimensions were 12 pitch - 0.75 inch face width, 14 teeth, 1.167 inch pitch diameter 
and 0.5 inch bore. 
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3. Hardened Precision shaft: A 0.5 inch hardened precision shaft was connected on 
one end to the crank handle and aligned to mate with the spur gear. 
4. Set Screw Shaft Collars: Set screw shaft collars of 0.5 inch bore. 1 inch outer 
diameter, 0.4375 inch width and 0.25 inch-20 screw size were used to hold the 
precision shaft tight on the outer sides of the square tube. 
S. Crank Handle: A 4 inch long steel crank handle with 12.06 inch diameter solid hub 
was used to crank the rack and pinion mechanism. 
6. Centre Guide: A 2 inch by 3.5 inch stainless steel vertical block with a hole of 0.3 
inch diameter was machined and placed in between the coupling attached to the 
catalyst housing pipe and the gear rack. This hole was to guide the sampling tube 
through it and minimize the lateral movement of the probe. Threaded holes of size 
0.375 inch-16 tap and depth 1 inch were machined on the top face to be able to bolt it 
to the square tube, thus, locking the movement of the centre guide. 
7. Bend Guide: A 2 inch by 1.15 inch stainless steel block with threaded holes on the 
bottom end was machined. The threaded holes were of size 0.375 inch-16 and 1 inch 
deep. The purpose of the bend guide was to provide structural rigidity to the rack and 
pinion assembly so as to prevent bending of the probe, which may result in sluggish 
movement of the traversing probe. 
S. End Plate: An end plate of thickness 0.375 inch was machined and fastened to the 
open end of the square tube. Two right angles threaded studs were welded to the end 
plate. A quarter inch hole that can accommodate the probe was also machined to 
provide additional support to the traversing probe. 
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9. Additionally, two steel plates of size 2 inch by 4 inch were welded to the either sides 
of the square tube with two holes of 0.375 inch diameter. These two holes were 
machined for the one side threaded studs welded on to the catalyst housing pipe on 
one side and the circular pipe on the other side. The whole traversing probe assembly 
was connected using these studs and was fastened using screws. 
10. Graphite gasket sealing material was cut into circular shape with an inner hole of 0.24 
inch diameter to provide a compression sealing with the probe. This machined sealing 
was placed inside the female coupling that is part of the traversing probe assembly. 





Figure 5.2: Traversing probe assembly 
In Figure 5.2, the SCR catalyst housing is removed for clarity. The traversing 
probe consists of a 0.15" diameter hole facing the direction of exhaust gas flow. It is a 
single port utilized to sample the exhaust products at different locations in the cross 
section. One end of the probe is plugged and the other is connected to a heated sample 
line that carries exhaust gas to the gas analyzers. An FTIR analyzer and a 5-Gas Rack 
analyzer are utilized to analyze the gas. 
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Figure 5.3: Traversing probe assembly connected to SCR catalyst housing (shown partly) 
Figure 5.3 shows a picture of the completed traversing probe that is connected to 
the SCR catalyst housing. The complete traversing probe assembly is bolted to the SCR 
catalyst housing using one side threaded studs that were welded on to the housing. 
5.3 Gas Analyzers: 
The Rosemount 5-gas emissions bench measures CO, CO2, Total Hydro Carbon 
(THC), NOx and O2 concentrations. A Peltier type condenser removes water from the 
exhaust sample before the gas enters the analyzers. Infrared radiation OR) adsorption is 
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used by the analyzer to detennine CO concentrations. IR detection is also used to 
measure C02 concentrations in the exhaust. THCs are detected using a flame ionization 
detector (FID) method. A regulated flow of sample gas passes through a flame sustained 
by regulated flows of fuel gas and air. Within the flame, the hydrocarbon sample stream 
undergoes a complex ionization that produces electrons and positive ions, which are 
collected by an electrode, causing a measurable current flow. The ionization current is 
proportional to the rate at which carbon atoms enter the burner and is therefore a measure 
of the concentration of hydrocarbons in the sample. The NGA 2000 CLD uses the 
chemiluminescence method for detection for NOx• All N02 is reduced to NO over a 
catalyst. The NO is reacted with internally generated ozone (03) to fonn N02 in an 
electronically excited state. The excited molecule immediately reverts to the ground state 
emitting photons (red light), which are measured by a photodiode. The intensity of the 
chemiluminescence is directly proportional to the NOx concentration. The detennination 
of O2 concentration is based on measurement of the magnetic susceptibility of the sample 
gas. O2 is strongly paramagnetic, meaning its molecules have permanent magnetic 
moments even in the absence of an applied field, while other common gases are weakly 
diamagnetic. 
Hazardous Air Pollutants (HAPs) are measured using FTIR analyzer. The primary 
HAPs of interest for natural gas engines are fonnaldehyde, acrolein and acetaldehyde. 
Ammonia and hydrogen cyanide are also measured. THC and NOx speciation are 
perfonned with the FTIR. The most important aspects of the Magna 560 FTIR 
spectrometer include the mercury cadmium telluride (MCT) detector, gennanium-on-
potassium bromide (Ge-on-KBr) beam splitter, and an instrument resolution limit of 
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0.125 cm- I (after apodization). The instrument uses a 10 meter gas cell, which has a 
volume of 2 liters and utilizes zinc selenide windows. 
5.4 Results: 
5.4.1 Comparison of experimental and CFD results in the best mixing case (central 
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Figure 5.4: percentage variation of ammonia comparison between experimental & CFD using 
traversing probe in case of central injection and downstream mixer 
Figure 5.4 depicts the variation in ammonia concentration uSIng a traversing 
probe for ammonia measurements and the CFD solution. The graph is a comparison 
between the percentage variations of ammonia at each point of traversal with respect to 
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the average ammonia concentrations measured. The average ammonia concentration - in 
the experimental case - was found to be about 191 ppm (using an averaging stationary 
probe), whereas the CFD solution computed about 88 ppm. The maximum deviation 
observed in the experimental solution was about 12 % and the CFD suggests about 18 0/0. 
The two trends suggest unifonn mixing at all the points in the path of traversal in the case 
of central injection and a downstream mixer. The offset could he due to secondary flows 
and the existence of the two additional probes just downstream of the bend, which will be 
discussed in the wall injection case (below). 
5.4.2 Comparison of experimental and CFD results in the poorest mixing case (wall 
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Figure 5.5: percentage variation of ammonia comparison between experimental & CFD using 
traversing probe in case of wall injection and no mixer 
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Figure 5.5 depicts the variation in ammonia concentration using a traversing 
probe for experimental values and the CFD solution. The graph is a comparison between 
the percentage variations of ammonia at each point of traversal with respect to the 
average ammonia concentration in the exhaust for the case of wall injection and no 
mixer. The average concentration in the experimental case was found to be close to 190 
ppm (using an averaging stationary probe), whereas the average concentration in the CFD 
solution was computed to be about 91 ppm. This is due to the difference between mass 
flow rate of ammonia injected at the time of the experiment and the assumed value used 
for CFD computation. In comparison, the experimental concentrations ranged from 179 
ppm to about 225 ppm. However, expressing ammonia concentrations in percentage 
normalize the trends in the two scenarios (CFD and experimental). As we move along 
each location of the traversing probe, the experimental trend (series in blue) rises and 
dips corresponding to the CFD solution, thus validating the CFD solution. 
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Figure 5.6: Logarithmic mass fractions of NH3 overlaid with velocity vectors colored by logarithmic 
mass fractions of NHJ 
Figure 5.6 depicts logarithmic contours of mass fractions of ammonia overlaid by 
flow vectors (colored by logarithmic mass fractions of ammonia) on a surface in the YZ 
plane downstream of the second bend and upstream of the circular exit section. The 
picture suggests the existence of secondary flow. Secondary flows can be understood as a 
small disturbance on a primary flow where the primary flow is the main flow. They occur 
when the flow turns a bend when a sheared flow, such as a boundary layer, is forced 
around a tum. Slower moving fluid follows a tighter radius of curvature, leading to a 
tangential flow across the passage. In order to maintain continuity, a vertical flow is 
fonned. The presence of a slightly asymmetric secondary flow (see in Figure 5.6) 
explains the asymmetry in the concentration of ammonia at the traversing probe. 
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Another reason causing the variance in the CFD and experimental comparison is 
the presence of a concentration averaging probe of size 0.375 inch diameter all the way 
across and a thermocouple of about the same size just downstream of the second bend. 
Both these probes are present in the circular pipe and downstream of the mixer. Their 
locations seem to play an important because of their presence just downstream of the 
bend. To demonstrate how turbulence can vary in this situation, a 2-D model was created 
with two circular probes imitating the two probes was built and analyzed. 
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Figure 5.7: Turbulence intensity with two additional probes downstream of the second bend 
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Figure 5.7 shows the contours of turbulence intensity in this re-constructed case. 
The two probes are attached in the same orientation as the movable probe. Clearly, there 
is additional turbulence due to their presence. Maximum turbulent intensity was seen in 
the vicinities of the two probes. The turbulent intensities reached a maximum of about 
29%. The turbulent intensities seen in case of wall injection without mixer (discussed in 
chapter 4) are seen to be in the range of 8%. This can be extrapolated in to a 3-D case 
using the same order or magnitude. A 3-D test run of this case would give a better picture 
of changes expected in turbulent intensities. This explains the asymmetry in the 
concentrations of ammonia across the traversing probe path. 
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Chapter 6: SUMMARY AND CONCLUSIONS 
6.1 2-D Numerical Solution: 
• Three different cases were modeled and analyzed. 
• A model with no downstream mixer (case a), a model with an angled wall 
mixer downstream of the re-agent injection (case b) and a model with one 
inch central wall (orthogonal to flow) downstream of the re-agent injection 
(case c) were modeled for analysis. 
• Ammonia injector tube was terminated at the wall to simulate the flow 
process. 
• Flow data (pressures, temperatures etc) for FLUENT analysis was extracted 
from actual experimental data. 
• The inclusion of a mixer (case b and c) showed a significant improvement in 
mixing of ammonia with the exhaust gas. 
• Ammonia mass fractions ranged from 10-6.2 to 10-5.2 in case (a), 10-5.3 to 10-5 
in case (b) and 10-5.6 to 10-5 in case (c) on a vertical plane that contains the 
traversing probe. 
6.2 3-D Numerical Solution: 
• Four different cases were modeled and analyzed. 
• Two' D' shaped metal plates were welded at right angles to each other to form 
a mixer that was used in the experiment. 
• A model with the ammonia injector tube penetrating up to the centre of the 
pipe (central injection) with the injecting orifice facing the direction of flow 
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and a downstream mixer (case a), a model with central injection and no 
downstream mixer (case b), a model with ammonia injector tube terminating 
at the wall of the pipe (wall injection) injecting orthogonal to the direction of 
exhaust gas flow and a downstream mixer (case c) and a model with wall 
injection and no downstream mixer (case d) were modeled for analysis. 
• Degree of heterogeneity (a) was calculated by normalizing the standard 
deviation of ammonia concentration with the spatial mean ammonia mole 
fraction in the plane of the traversing probe. 
• Highest degree of heterogeneity was observed in case (d) and was calculated 
to be 0.875. 
• Least degree of heterogeneity was observed in case (a) and was calculated to 
be 0.065 
• The degree of heterogeneity in case (c) was computed to be 0.077. 
• Mixing quality was best when re-agent was injected from the centre of the 
pipe with the orifice in the direction of exhaust gas flow. 
• Turbulence was greatly increased in the pipe with a downstream mixer. 
6.3 Experimental Investigation: 
• A traversing probe was designed and built at the laboratory test centre to 
sample ammonia concentrations at different locations. 
• CFD solutions and experimental data were compared as percentage variation 
of ammonia concentration at different locations. 
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• In case (a), where best mixing was computed by CFD, the maximum deviation 
observed in experimental data was about 12%, whereas CFD results show a 
deviation of 18%. 
• In case (d), where poorest mixing was computed, maximum deviation 
observed in experimental data was about 35%; CFD computation yield a 
maximum deviation of 100%. 
• The trends (CFD and experimental) in case (d) and case (a) show similarities 
in shape, which supports the validity of CFD solutions. 
• The difference between experimental data and CFD results are likely due to, 
• Inconsistency between model analyzed and experimental hardware. The 
presence of an averaging sample probe and a thermocouple upstream of 
the traversing probe was ignored in the model. Additional turbulence is 
expected due to their presence, which was seen in a simple 2-D study. 
• F or the sake of CFD simulation, ammonia injection was assumed at 
Standard Temperature Pressure (STP) and not Standard Liters per Minute 
(SLM). 
• Presence of secondary flow in the mixture after the second 90° bend is a 
possible reason for variation in experimental measurement of ammonia 
concentration at the traversing probe. 
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APPENDIX A: 
TRA VERSING PROBE DESIGN DRAWING 
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